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Abstract 
The building sector is the largest energy user; therefore, it is essential to improve energy 
efficiency and reduce demand, as well as install renewable energy systems to cover 
thermal and electrical loads for the targets of the upcoming years to be met. Especially 
for public buildings, any interventions should be accomplished directly, due to the exist-
ing commitments within the European Union, constituting, in this way, a role model for 
the private sector. 
Education buildings are highly distinguished among public buildings by their great di-
versity, because of the different time periods of their construction and their spatial dis-
tribution. The necessity of saving energy in education buildings is therefore evident, 
since they are important energy consumers. However, the potential for energy saving is 
almost impossible to be captured because of several factors that do not allow for any 
reliable overall assessment. These are, inter alia, heterogeneity in the existing situation, 
inadequate heating installations and uncontrolled, natural ventilation. 
Based on the above facts, the thermal behavior of a typical secondary school building in 
Thessaloniki is evaluated. Designing factors such as the orientation of the openings, 
thermal mass and alternative manufacturing solutions, such as the location of the insula-
tion layers in the building components, are compared in terms of annual heating and 
ventilation requirements, as well as regarding the maximum required power of the heat-
ing system. Alternative scenarios for the heating system to meet peak demands, along 
with the presence of mechanical ventilation with heat recovery heat exchangers are as-
sessed for their efficiency. In addition, suggestions for PV integration are included. 
For the calculations of the alternative scenarios, EnergyPlus software is used, with an 
hourly simulation of the thermal behavior of the building for a reference year. For the 
selection and sizing of the PV system, System Advisor Model software is used. 
I would like to express my gratitude to the IHU and, in particular, the SST teaching staff 
for their very intriguing lectures. I would also like to offer my special thanks to my tu-
tor, Dr. Georgios Martinopoulos, for his regular guidance and support, and finally, my 
heartfelt thanks to my friends and family for their everyday encouragement. 
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1 Introduction 
Climate change is a vast challenge that modern people need to confront. In the context 
of climate change and global warming, anthropogenic factors like extensive land use, 
deforestation and the increase of carbon dioxide emissions to the atmosphere, which is 
the key-contributor to the climate change, should be promptly suppressed.  
During the previous decades, significant legislative measures have been taken and nu-
merous European Directives have been published, aiming at the sustainability of the 
built environment, which, in developed counties, is responsible for a share of up to 40% 
of the total final energy consumption [1]. It is therefore essential to reduce the energy 
demand, improve energy efficiency, and promote the installation of renewable energy 
systems to cover thermal and electrical loads for the targets of the upcoming years to be 
met. 
It is reported that public and commercial buildings in Europe consume an estimated 
40% of the total energy [2]. Ergo, especially for public buildings that stand as a role 
model for the private sector, interventions should promptly begin, due to the existing 
commitments within the European Union. 
Education buildings comprise a considerable portion of the public non-residential build-
ing stock. In Greece, schools constitute important energy consumers and are highly dis-
tinguished among public buildings by their great diversity, due to the different time pe-
riods of their construction and their spatial distribution. Hence, the apparent necessity of 
saving energy is the driving force for further exploration of the energy consumption of 
education buildings. 
However, it is almost impossible for the potential for energy saving to be captured be-
cause of several factors that do not allow for any reliable overall assessment. One factor 
is the heterogeneity in the existing situation; both in terms of building construction and 
HVAC systems.  
More specifically, when referring to thermal insulation in public education buildings, 
the latter is mostly insufficiently or totally absent, depending on the construction year of 
the school building. In addition, the existing heating installations are usually over-
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dimensioned, and the operation scenarios of heating systems often appear to be insuffi-
ciently or even not scheduled at all. Similarly, when examining building ventilation, it is 
obvious that the lack of mechanical ventilation systems leads to an increase of thermal 
loads due to the inevitable, uncontrolled natural ventilation. 
Based on the above, the emerging interest in the investigation of the main parameters 
involved in the design of an education building motivated this dissertation. For the 
needs of this study, a secondary school building in the city of Thessaloniki was selected 
and investigated with respect to its thermal behavior. Designing factors, as well as con-
struction and operational solutions are examined individually and compared with each 
other, aiming to come upon answers and solutions in contingent puzzles or concerns 
that arise when designing from scratch or retrofitting an education building. 
In particular, the orientation of the openings, the thermal mass of the building and alter-
native manufacturing solutions, such as the thickness and location of the insulation lay-
ers in the building components, are compared with each other. That comparison is 
achieved in terms of annual heating and ventilation requirements as well as the maxi-
mum required power of the heating system. As far as the heating system is concerned, 
alternative scenarios of its operation to meet peak demands are examined. Such scenari-
os include particular set point temperatures or reheating in the first morning hours. In 
addition, the presence of mechanical ventilation with heat recovery heat exchangers is 
also considered for its efficiency. For the calculations of the alternative investigated 
scenarios, EnergyPlus software is used, with an hourly simulation of the thermal behav-
ior of the building for a reference year.  
Of course, when considering meeting environmental targets, the involvement of Re-
newable Energy Sources (RES) could not be excluded from such a study. Therefore, 
suggestions for photovoltaic (PV) integration for covering part of the electrical loads of 
the aforementioned building are included. For the selection and sizing of the PV system, 
the System Advisor Model (SAM) software is used. 
In chapter 2, a literature review of similar studies to this research topic is presented. 
Several significant approaches are summarized and their main features, strengths or 
weaknesses are commented, along with a connection to the approach of this disserta-
tion. 
In chapter 3, the problem of capturing the potential for energy saving in education 
buildings is thoroughly described. The numerous factors contributing to the problem, 
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such as the extent and the orientation of the glazing, thermal insulation, thermal mass, 
mechanical ventilation, as well as the type and operation of the heating systems are pre-
sented and analyzed. Finally, the approach followed to evaluate these parameters and 
the analysis of the building selected for the needs of this study are displayed. 
In chapter 4, the impact of the different elements of the selected building in the final 
annual heating and ventilation demand is analyzed. The analysis is accomplished 
through energy modeling, using the software EnergyPlus. The model is further ex-
plained in this section. In regard to the opaque elements, alternative scenarios of the 
type, width and location of the thermal insulation are rigorously examined. Additional-
ly, three alternative scenarios of the heating system operation are extensively examined 
in terms of final energy needs. Different reheating schedules are integrated in the simu-
lation model and the emerging energy consumption results are analyzed in detail. Final-
ly, the presence or absence of mechanical ventilation with heat recovery heat exchang-
ers is considered through energy simulation. The end results in terms of energy con-
sumption are commented. 
Chapter 5 includes Photovoltaic Integration suggestions for covering part of the electri-
cal demand by utilizing the System Advisor Model (SAM) software. 
After the building modeling and the conduction of the aforementioned tests, in chapter 
6, the final results are evaluated, and the most significant conclusions drawn within the 
study are presented. 
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2 Literature Review 
2.1 Energy Problem 
The concern about local and global environmental conditions is increasingly rising in 
the developed and developing world. As stated in the literature, global warming, ozone 
depletion, destruction of natural habitat and loss of biodiversity are some of the factors 
responsible for the long-term “greenhouse gases” (CO2, CH4, NO2, etc.) accumulation 
in the higher atmosphere layers of the earth. It has been estimated that CO2 density in 
the atmosphere could explain about 50% of the warming effect because its concentra-
tion may have exceeded the natural assimilation capacity of the earth [3]. Prompted by 
these disastrous results of intensive human activity on the environment, several agree-
ments have been signed at international level, starting from the Geneva Convention of 
1979, to the 1997 Kyoto Protocol and the following conferences of parties, defining the 
timing and extent of the reduction of greenhouse gases emissions and explicitly identi-
fying the policies and actions to be undertaken [4]. 
Globally the building sector contributes up to 30% of global annual greenhouse gas 
emissions [5]. The recently drawn Directive 2010/31 of the European Union states: 
“Buildings account for 40% of total energy consumption in the Union. The sector is ex-
panding, which is bound to increase its energy consumption. Therefore, reduction of 
energy consumption and the use of energy from renewable sources in the buildings sec-
tor constitute important measures needed to reduce the Union’s energy dependency and 
greenhouse gas emissions” [6]. Additionally, the Organization for Economic Co-
Operation and Development reports that in OECD area, the building sector’s share of 
total energy consumption, which is constantly growing, remains high, between 25% and 
40% [7].  
Recent publications reveal some compelling information, such as the fact that in the 
USA, energy consumption in the commercial (or service) sector has expanded from 
11% to 18% since the 1950s. According to the International Energy Agency (IEA), dur-
ing the period 1984-2004 primary energy has grown by 49% and CO2 emissions by 
43%, with an average annual increase of 2% and 1.8% respectively [1]. In IEA’s recent 
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Energy Outlook, it is reported that the energy consumed in the buildings sector, divided 
between residential and commercial end users, accounts for one-fifth of the total deliv-
ered energy consumed worldwide. Furthermore, a total increase of world energy con-
sumption in buildings is forecasted by an average of 1.5%/year from 2012 to 2040, and 
the commercial sector share of total world delivered energy use rises from about 7% in 
2012 to about 8% in 2040, with an average increase of 1.6%/year. In the non-OECD 
nations, consumption of delivered energy in buildings grows by 2.1%/year from 2012 to 
2040, nearly three times the growth rate for the OECD nations [8].  
It has been concluded that the construction and use of buildings are quite influential fac-
tors in the overall energy problem. Buildings primarily consume fossil-fuel based ener-
gy, linking in this way the sector energy consumption to greenhouse emissions and ma-
terials, which impact on energy efficiency though structures. For this reason, energy ef-
ficiency in buildings is nowadays a prime objective for energy policy at a regional, na-
tional and international level [5]. The enhancement of building strategies is a foregone 
conclusion in the challenge of increasing energy efficiency and reducing gas emissions 
from human settlements. That requires behavioral changes in people’s life styles and 
energy consumption patterns. In addition, the use of more energy efficient production, 
processing and distribution technologies is required. The fact that China successfully 
reduced one third of its energy consumption during the period 1978-1990 simply by us-
ing some elementary design and construction technologies, makes that goal less unat-
tainable [9]. 
To sum up, according to the Directorate-General for Energy by the European Commis-
sion, buildings are responsible not only for the 40% of energy consumption, but for the 
36% of CO2 emissions in the EU, too. Older buildings consume about five times more 
liters of heating oil than new buildings and currently, about 35% of the EU's buildings 
are over 50 years old. A potential of 5-6% total EU energy consumption reduction and 
about 5% lower CO2 emissions only by improving the energy efficiency of buildings is 
reported [10]. 
2.2 Legislative Framework 
The first global approach associated with the energy efficiency of buildings is reflected 
in the “Kyoto Protocol”, which was adopted in Japan in 1997 and outlines a worldwide 
agreement between the industrialized and the European countries to protect the envi-
- 14 - 
ronment by gradually reducing greenhouse gas emissions. The first commitment was 
referred to the period between 2008 and 2012 and its target involved the reduction of 
greenhouse gases by an average of 5% against the levels of 1990. The goal of the se-
cond phase is an overall 20% reduction of greenhouse gas emissions by 2020. The im-
plementation of this universal agreement for the member states of the European Union 
was embodied and adjusted for each European country within the main legislative in-
strument, which is the European Energy Performance of Buildings Directive (EPBD) 
[11]. 
As mentioned in the same publication, the core legislation in the European Union to en-
sure improved energy performance of buildings is the European Directive 2002/91/EC, 
which was introduced to EU member countries in order to provide guidance on reducing 
energy consumption and CO2 emissions of buildings, by establishing a general frame-
work for assessing energy performance and setting minimum requirements for both new 
and under major renovation buildings [11]. Afterwards, the United Nations Conference 
on Environment and Development (UNCED), held in Rio de Janeiro in 1992, initiated 
discussions addressing the issues of greenhouse gases and the thinning of the ozone lay-
er, which consequently led to the first development of an assessment tool to benchmark 
the green building in instances of BREEAM (UK, 1990) and LEED (USA, 1996) [3]. 
In the EU, the new reference framework for the development of standards related to en-
ergy conservation, climate change combat, as well as environmental resources and en-
ergy management is the European Directive 2010/31/EU [4]. Within the European 
script, it is stated that the increased use of energy from renewable sources in combina-
tion with measures taken in order to reduce energy consumption will allow the Union to 
comply with the Kyoto Protocol to the United Nations Framework Convention on Cli-
mate Change (UNFCCC). In this way, the EU will honor its commitments of maintain-
ing the global temperature rise below 2 °C, and reducing, by 2020, overall greenhouse 
gas emissions by at least 20 % of 1990 levels, with a potential of 30% reduction in case 
of an international agreement [6]. 
The recently published Directive 2010/31/EU promotes the improvement of energy per-
formance of the buildings in the EU. It defines the energy performance level with refer-
ence to the cost and highlights that the obligation to build near-zero energy buildings 
will be enforced from Dec. 31, 2020, for private homes, and from Dec. 31, 2018, for 
public buildings [4]. Finally, as far as the public sector is concerned, it is underlined that 
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“Member States should include within their national plans measures to support public 
authorities to become early adopters of energy efficiency improvements and to imple-
ment the recommendations included in the energy performance certificate as soon as 
feasible”; moreover  that “buildings occupied by public authorities and buildings fre-
quently visited by the public should set an example by showing that environmental and 
energy considerations are being taken into account” [6]. 
To conclude with, the 2010 Energy performance of Buildings Directive and the 2012 
Energy Efficiency Directive constitute the EU’s main legislation in the field of the re-
duction of the buildings energy consumption. The 2016 proposed update to the Energy 
Performance of Buildings Directive focuses in promoting the use of smart technology in 
buildings and streamlining the existing rules. The Commission also published a new 
buildings database, the EU Building Stock Observatory, to track the energy perfor-
mance of buildings across Europe [10]. 
In Greece, the adaptation of EPBD Directive was performed by the introduction of KE-
NAK Regulation [12], which takes into account the local construction methods and cli-
mate of Greece, complying fully with the European direction. The “Regulation on the 
energy performance of buildings”, launched by the Hellenic Ministry of Environment 
and Climate Change in 2010, outlines the use of a reference building for benchmarking 
and introduces the provisions for new buildings and buildings under major renovation. 
KENAK was complemented by four guidelines published by the Technical Chamber of 
Greece [11]. 
Regarding education buildings, except for the current laws and provisions, some addi-
tional national guidelines have been formed, namely the “National Best Practices Man-
ual For Building High Performance Schools” in the USA, which adopted models based 
on ASHRAE/IESNA Standard 90.1-2001 [13], and the “Guidelines for Environmental 
Design in Schools” in UK, which complies with the minimum construction standards 
published by the Department for Education and Employment [14]. In Greece, the Centre 
of Renewable Energy Sources (C.R.E.S.) formed “Guidelines for thermal-visual com-
fort and energy conservation in public schools” [15] and the School Buildings Organi-
zation (S.B.O.) launched “Directive for Bioclimatic School Buildings” [16]. Both stud-
ies provide information on basic bioclimatic principles and suggestions on how they can 
be implemented in new and existing buildings [11]. 
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2.3 Energy Consumption in Education Buildings 
Education buildings have standard energy requests and levels of environmental comfort 
that should be guaranteed, which deeply motivates the interest towards the school sector 
in the field of energy saving in buildings [17]. 
According to The Carbon Trust energy consumption in schools varies depending on 
their age, state of repair, occupancy hours and equipment installed. A breakdown of en-
ergy use and costs in a typical school, as shown in Figure 1, presents the areas of energy 
waste and where the biggest savings can be made [18]. 
 
Figure 1 Breakdown of energy use (left) and energy cost (right) in schools [18] 
As cited in the literature, the running costs for heating, cooling and ventilation are the 
main costs in schools; additionally, indoor air quality, energy efficiency and thermal 
comfort conditions are the three main aspects that affect the building environment. It is 
also highlighted that school buildings constitute a rather distinctive category of build-
ings, providing the opportunity to promote building energy efficiency for tomorrow’s 
citizens in the most effective way [19].  
Additional interest is shown in the preliminary results from the Commercial Buildings 
Energy Consumption Survey (CBECS), where it is stated that “the commercial building 
sector is characterized by diversity” and shown that, among the general building activi-
ties, lodging, education and health care are the largest buildings, on average [20]. 
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As far as energy consumption is concerned, the Energy Consumption Yardsticks of the 
UK schools indicate that the figures for high consumption secondary schools are higher 
than 235 kWh/m
2
. Moreover, according to the official estimations of the Energy Effi-
ciency Office in Great Britain, the whole school sector produces approximately 6 mil-
lion tons of CO2 annually, which accounts for about 1% of the total emissions in Great 
Britain [9].  
 
Figure 2 Comparison between average total energy consumption in schools of five European 
countries 
Additionally, in northern Europe, investigations in Irish schools have shown that energy 
consumption for heating is between 50 and 200 kWh/m
2
, with a median value of 96 
kWh/m
2
 [21]. These numbers do not differ much when compared with the international 
literature about countries in central Europe, as shown in Figure 2. In Slovenia, the aver-
age total energy consumption in schools is estimated at 192 kWh/m
2
, from which 100 
kWh/m
2
 corresponds to heating [22]. In Germany, a study of 105 schools showed that 
the final energy consumption in these schools ranges from 31 to 205 kWh/m
2
, with the 
average annual value of consumption at 93 kWh/m
2
 [23]. Finally, a study on energy 
consumption of school building stock in Cyprus concludes that the annual average con-
sumption of schools is about 63 kWh/m
2
, relatively close to that of schools in Greece 
due to the similarities in the climatic conditions [19]. 
In Greece, according to a study published back in 1994 [2], the mean annual energy 
consumption of buildings was shared by 407 kWh/m
2
 in hospitals, 273 kWh/m
2
 in ho-
tels, 187 kWh/m
2
 in offices, 152 kWh/m
2
 in commercial buildings and 93 kWh/m
2
 in 
schools [24]. Within the “Guidelines for thermal-visual comfort and energy conserva-
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tion in public schools”, which was published afterwards by C.R.E.S., it is stated that the 
estimated average energy consumption for heating in schools, is 92 kWh/m
2
, and often 
reaches the values of even 200 kWh/m
2
, which is very high, especially when consider-
ing that it does not cover the actual needs, as in most schools comfort conditions are 
scarcely met. The mean annual fuel and electricity energy consumption on a national 
level is around 270,000 MWh, which is equivalent to 16,300 tons of fuel oil and 78,000 
MWh of electricity. As far as gas emissions are concerned, the resulting annual CO2 and 
SO2 emissions are 150,000 and 1,000 tons respectively [15]. The mean annual energy 
consumption for heating in schools, reported in 2006, is 68 kWh/m
2
 and mean annual 
electricity consumption is 27 kWh/m
2
, according to data of energy surveys performed in 
320 schools in Greece [25]. 
 
Figure 3 Average primary energy consumption in education buildings in Greece [27] 
Meanwhile, several studies have been conducted focusing on the energy consumption of 
the Greek school building stock in a variety of climatic zones and structure types of 
model buildings. Some indicative results found in the literature are presented by Dasca-
laki and Sermpetzoglou who, by analyzing the data of a sample of 135 Hellenic schools, 
came out with the values for average annual total energy consumption in climatic zones 
A, B and C, 49.5 kWh/m
2
, 57.1 kWh/m
2
 and 90.8 kWh/m
2
 respectively [26]. 
In Figure 3, the average primary energy consumption in education buildings of different 
grade and use is displayed, according to the most recent data found in the literature [27]. 
As far as secondary education buildings are concerned, the average primary energy con-
sumption is 180.1 kWh/m
2
, which is shared to 93.9 kWh/m
2
 for heating, 15.3 kWh/m
2
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for cooling, 56.9 kWh/m
2
 for lighting and 14.1 kWh/m
2 
for hot water. More detailed 
data of average primary energy consumption in Greek education buildings are presented 
in Table 1. 
Table 1 Average primary energy consumption per building use category, in kWh/m
2
 [27] 
 Heating Cooling Lighting Hot water RES & CHP Total 
Nursery schools 109.0 3.9 49.2 6.0 0.4 167.6 
Elementary schools 98.6 13.0 57.2 15.6 0.4 184.0 
Secondary schools 93.9 15.3 56.9 14.1 0.0 180.1 
Universities 95.7 48.1 148.4 8.7 0.0 300.9 
Classrooms 114.8 35.0 133.9 15.4 0.0 299.1 
Music schools 216.8 20.7 68.7 0.9 0.0 307.1 
 
Although different analyses demonstrate that school buildings consume large amounts 
of energy [28], the problems that emerge when it comes to evaluating the energy per-
formance of such buildings cannot be disregarded. The first challenge is about bridging 
the gap between predicted and actual energy performance. In a recent study it is claimed 
that, the inconsistency between design estimates and actual energy use is due to opera-
tional issues and occupant behavior, which strongly influence energy performance of 
schools [29]. The second problem is the issue of benchmarking energy consumption of 
school buildings. A 2014 publication focuses on some considerations that should not be 
forgotten, when attempting to determine an energy benchmark. These are, inter alia, the 
discrepancy of the energy needs and the variety of the occupation profiles between dif-
ferent school levels, the possibility of misleading results when utilizing small sample 
sizes and the importance of accurate conversion of the consumed into primary energy 
[30]. 
2.4 Affecting Factors and Design Principles 
In the recent European Directive 2010/31, it is declared that all the necessary measures 
to ensure minimum energy performance requirements for building elements that form 
part of the building envelope and that have a significant impact on the energy perfor-
mance of the building envelope should be taken. In addition, the priority that should be 
given to strategies which enhance the thermal performance of buildings during the 
summer period is emphasized [6]. 
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Improving the energy efficiency of school buildings is an issue of high significance, as 
it bounds adequate thermal comfort and internal air quality conditions. In the context of 
understanding the factors affecting energy consumption and, by extension, the parame-
ters that need to be specifically designed in school buildings, several books, manuals, 
guidelines and studies have been published [13–16]. The U.S. Department of Energy’s 
Rebuild America Energy Smart Schools program, in its attempt to provide guidance to 
architects and engineers responsible for designing or retrofitting schools, while promot-
ing energy efficiency and renewable energy in schools, organizes the most important 
design disciplines and goals into 10 impact categories. These are: site design, daylight-
ing and windows, energy-efficient building shell, lighting and electrical systems, me-
chanical and ventilation systems, renewable energy systems, water conservation, recy-
cling systems and waste management, transportation, and resource-efficient building 
products [13]. 
Conforming to the same energy efficiency strategies, C.R.E.S. defines the factors affect-
ing energy consumption and comfort as follows: Inappropriate orientation of spaces, 
resulting in inadequate insolation during winter, overheating during the warm periods, 
and poor lighting conditions, all year-round; inappropriate design of openings, daylight-
ing and artificial lighting systems, resulting in the uneven distribution of light in the 
classrooms; high infiltration through window frames and uncontrolled ventilation, re-
sulting in significant heat losses during winter; inappropriate design and poor mainte-
nance of the heating systems, resulting in inefficient performance; and inadequate shad-
ing and ventilation systems, in combination with the lack of specification for mechani-
cal cooling systems, resulting in overheating during warm periods [15]. The proposed 
interventions address both the building envelope and the installations, and have the fol-
lowing specific targets: the uniform distribution of light inside the classrooms via the 
appropriate design of openings and other daylighting systems; the reduction of heat 
losses which occur through the building envelope and through uncontrolled ventilation; 
the increase of winter solar heat gains; the reduction of solar heat gains during the cool-
ing period; the increase of summer comfort conditions through ventilation; the reduction 
of energy consumption by optimization of heating and lighting systems [15]. 
Interest presents Hoes et al. research paper, where the main objective is to identify the 
measurement of the user perception of energy efficiency in school buildings design 
(UPEESD) in order to investigate how the weight of the user behavior on the energy 
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balance of a building increases and create the potential for more robust to that influence 
buildings. The results of this study were conducted through questionnaires, aiming at 
the understanding of the students’ perception towards ventilation, design, noise and en-
ergy efficiency awareness [31].  
2.4.1 Orientation 
Technical guidelines suggest that solar orientation should define the placement of build-
ing and site features, and that buildings should be oriented in such a way that the major 
windows face either north or south. Following the technique of orienting the building 
with the long axis running east/west, both year-round reduction of energy consumption 
and optimal natural lighting is achieved. This twofold benefit is widely emphasized in 
the literature [13]. 
 
Figure 4 Ideal main orientation of a building [32] 
More particularly, south orientation of classrooms is recommended in order to obtain 
appropriate lighting conditions, maximum solar gains during winter and solar protection 
during summer, as long as systems of horizontal direction (light shelves, louvers, etc.) 
are provided on the apertures in order to reduce glare and summer solar gains. On the 
contrary, north orientation has low heat gains and increased heat losses during winter; 
therefore, large north-facing openings are recommended for areas with low heating 
needs, while east and west orientations should be avoided [15]. 
It is further analyzed in publications that appropriate orientation is relatively easy to im-
plement at the design stage, constituting a low-cost energy efficiency measure and cre-
ating the potential for incorporating more sophisticated passive solar techniques at later 
stages. Morrissey et al., though, argue that building size is a critical factor in energy per-
formance and that better performing designs require less adjustment across different 
orientations [33]. 
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2.4.2 Shading Strategies 
The increased internal gains in the classroom environment result in a relatively large 
cooling period, from spring to autumn, and considering the inefficient design, in dis-
comfort often occurring during the cooling period [15]. Therefore, essential shading 
strategies are recommended, for achieving thermal comfort conditions during all warm 
periods, with specific device description and degrees of installation angle. More specifi-
cally, horizontal exterior permanent or fixed shading devices, in the form of overhangs 
or reflective shelves/louvers are recommended for south orientation; vertical exterior 
permanent or fixed devices for east and west orientation; while, for north orientation, no 
shading devices are recommended. It is also stated that shading by deciduous trees, for 
east and west orientations, is very effective, allowing for an additional positive effect on 
the school microclimate. 
 
Figure 5 Example of a movable exterior shading device [34] 
In the National Best Practices Manual for Building High Performance Schools, it is re-
ported that it is best to place shading devices outside the glazing to stop solar gains be-
fore they hit the window. The American textbook argues that exterior overhangs should 
be deep enough to minimize direct sun on the window for the hottest hours of the day 
during the cooling season and provides some useful rules of thumb for overhang design. 
It is also alleged, as far as the interior shading devices are concerned, that the latter 
somewhat reduce solar heat gain, by reflecting it back out through the glazing [13].  
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2.4.3 Building Envelope 
It is widely known that thermal conductivity/resistance, air/vapor permeability, thermal 
mass/heat capacity and exterior surface reflectivity are the main characteristics that af-
fect the building envelope components’ performance. Regarding thermal mass, it is 
proved that it both delays and dampens heat transfer. It is also argued in the literature 
that the time lag between peak outdoor temperature and interior heat transfer is between 
4 and 12 hours depending on the thickness, the heat capacity of the construction, etc. In 
addition, for buildings such as schools that are often not heated or cooled at night, de-
laying heat transfer can be just as effective as reducing it, as long as the outside air 
cools down at night. However, in humid climates, there is a small diurnal temperature 
swing on hot days, so this effect is not very significant [13]. 
In the literature specific insulation methods for thermal protection of the building enve-
lope are suggested. In general, external insulation is recommended over internal insula-
tion due to the higher resulting thermal capacity of the walls and the lower temperature 
variations that occur throughout the year. Sandwich insulation is recommended so long 
as all concrete elements are insulated externally. Moreover, roof insulation of 5-7cm (in 
the various climatic zones of Greece) is suggested, although it is not considered to be 
very effective as a sole measure for reducing energy consumption [15]. 
2.4.4 HVAC Systems and Indoor Air Quality 
It has been repeatedly reported that high concentrations of CO2, formaldehyde, VOC’s, 
suspended particles, etc. mainly characterize indoor air quality (IAQ) in school build-
ings, impacting on the efficiency and health of students. Lack of adequate natural venti-
lation, peculiarity of the operating profile, high occupation density and the inexistence 
of smart ventilation systems and controls that are observed in most cases, make it ex-
tremely difficult for the deteriorated IAQ to be combated [35–37]. 
In cases such as North America or Portugal, ventilation rates are depended on indoor 
pollution sources and occupancy, at the same time that in the UK guidelines of maxi-
mum CO2 levels lower than 5000 ppm and average ventilation rates even above 8 
L/s/person are set [38]. 
While in the UK Guidelines for Environmental Design in Schools [14] the minimum 
required controllable ventilation rate of 3-8 L/s/person, depending on the use of school 
space, is recommended, Clements-Croome et al. report that there is a tendency to reduce 
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ventilation rates and that natural or hybrid ventilation systems are common in the design 
of UK schools. With the argument concluded in the research, that poor indoor air quali-
ty in school buildings can cause a reduction in the students’ performance and teachers’ 
productivity, they dedicate their project in the investigation of the effect of IAQ and 
ventilation rates on pupils’ performance and health [37]. 
In the aforementioned guidelines for thermal-visual comfort and energy conservation in 
public schools, published in Greece, the controlled ventilation with rates of approxi-
mately 500 m
3
/h for each classroom, achieved mechanically by the constant operation 
of supply and exhaust fans is recommended in order for the required 5 air changes per 
hour (ach) to be met. For the warmest climatic zones of the country, it is argued that the 
problem of achieving thermal comfort conditions may be eliminated by using ceiling 
fans in addition to the combination of shading and natural ventilation, noticing the dif-
ferences between comfort temperatures among the Greek cities [15].  
Nonetheless, during the previous years, several studies have been conducted, approach-
ing the “passive” or “zero energy” school building through natural ventilation. In 2000, 
Kolokotroni et al. reported that “soft computing or the synergetic combination of tech-
niques such as neural networks, fuzzy logic and genetic algorithms provide a powerful 
tool for the modeling and operation of naturally ventilated buildings”, outlining the dif-
ferent cases that need to be considered [39]. Afterwards, in 2013, within a study in 
southern Germany, detailed fitting correlations of heat loss due to window opening and 
effectiveness of natural ventilation in the classroom were presented; and the conclusion 
that natural ventilation is an effective method to improve IAQ and reduce energy con-
sumption at the same time, especially during the transitional seasons, was drawn [40]. 
In a most recent study in Spain [36], it is reported that the use of natural ventilation sys-
tems in the approximately 87,000 schools in the Mediterranean regions of Italy, Greece, 
Spain and France, creates the potential of reducing energy consumption and its associat-
ed carbon footprint. In this paper, a natural ventilation system based on cross ventilation 
and stack effect is designed and tested in a warm climate region; the obtained results 
show energy savings of approximately 11-26% of the final energy use, and savings of 
31-49% in CO2 emissions, depending on the heating fuel used [36]. 
Regarding space heating, both the U.S. and the Greek guidelines highlight the im-
portance of controlling the infiltration or air leakage from openings in reducing con-
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sumption and achieving energy-efficient buildings. Furthermore, a potential of 28-68% 
energy conservation by the reduction of infiltration heat losses is reported [13, 15]. 
In the studied literature, a lot of technical directions for the optimization of the heating 
system operation were found. Some recommended strategies involve installing zone or 
weather-compensating controls, optimum start control to reduce pre-heating times and 
fit time controls to eliminate out-of-hours heating [9], as well as the supply of hot water 
flow regulation according to demand, installation of three or four way mixing motorized 
valves commanded by temperature sensors, installation of time and flow switches, 
thermostats or more sophisticated optimizers. Moreover, the consideration of integrating 
passive solar systems in the central heating control philosophy is suggested [15]. 
2.4.5 Innovative Passive Techniques  
C.R.E.S. describes how the thermosiphoning air panel (TAP) and the sunspace are the 
most appropriate passive solar systems for school buildings. Both systems are suggested 
to be integrated in the corridor area and used for preheating the required fresh air before 
it enters the classroom.  
A TAP system is constructed from an insulating layer in contact with the wall, a collec-
tor surface at a distance from the wall and glazing externally, which has vents at the bot-
tom for allowing the entrance of fresh air. Once the cold enters the panel, it is heated 
and circulated through ducts via a fan to the classroom. It is usually placed on particular 
parts of south walls and is capable of conserving energy of 31-45%, while a sunspace 
47-85% in the various climatic zones of Greece [15]. 
Another technique, mentioned in the literature is the “cool roof” implementation. Such a 
roof, with the favorable surface characteristics of high solar reflectance and high or 
normal emittance, contributes to the reduction of cooling loads thus, to the energy sav-
ing. It is also reported that cool roofs decrease the heat island effect of buildings, which 
is a crucial factor in dense urban areas [13]. Stavrakakis et al. pointed out the elabora-
tion of emerging technologies, such as reflective coatings, as a cooling energy saving 
measure for education buildings despite their limited use in summer [41]. 
2.4.6 Conservation Potential 
Butala and Novak, back in 1999, published their study which was focused on imple-
menting some key energy saving measures in a school building stock in Slovenia along 
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with the investigation of the cost-effectiveness of each measure. It was then reported 
that, from the energy point of view, the most important measures, necessary in 83% of 
buildings, are the insulation of the building envelope and replacement of windows. 
From the economic point of view, replacing the windows is suitable since heat trans-
mission losses are reduced by 7% and ventilation losses as well; leading, also, to a total 
heat losses reduction of 20% [22]. 
Table 2 Energy savings from energy conservation measures implementation [42]  
Energy conservation measures  Extend of Implementation Energy savings 
 Thermal Electrical 
Thermal insulation of external 
walls 
 All pre-1980 buildings without wall insulation 28-34% 4% 
Thermal insulation of roofs  All pre-1980 buildings without roof insulation 4-7% 2% 
Installation of double glazing  All pre-1980 buildings with central heating, 
and 70% of 1981-2001 buildings 
10-12%  
Maintenance of central heating 
installations 
 All existing installations 11%  
Replacement of inefficient boilers 
with energy efficient oil burners 
 All buildings with old central heating installa-
tions 
17%  
Installation of temperature bal-
ance controls for central space 
heating 
 All buildings without temperature balance 
controls 
5%  
Installation of space thermostats  All buildings without space thermostats 5%  
Installation of external shading  Only 60% of the AC buildings, constructed 
before 2001 
 10-20% 
Installation of ceiling fans  All AC buildings; fans cover 80% of the total 
floor area 
 60% 
Installation of solar collectors for 
sanitary hot water production 
 Only 50% of the buildings without solar col-
lectors 
 25-40% 
Installation of energy efficient 
lamps 
 All buildings without energy efficient lamps  60% 
 
Santamouris et al. investigated several energy conservation measures in school build-
ings in Greece. Within their study it is stated that energy consumption for heating can 
be reduced by 43.9% through adding insulation to the buildings, 6.1% by using double 
glass windows and 6.1% by increasing the heat-production and distribution efficiencies 
by 10%. Additionally, energy consumption for cooling can be reduced by 30% through 
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proper shading of the building, 9% by using fluorescent lamps to reduce internal gains, 
50% by using night-ventilation techniques, and 97% by using ceiling fans [2]. 
In a more recent study, regarding the coldest area (C climatic zone) of Greece, Dimoudi 
and Kostarela came up with the following results: The improvement in thermal insula-
tion decreases energy consumption by 13.3%; the increase in the thickness of the wall 
insulation reduces energy consumption up to 5.6%; the improvement of the airtightness 
of the openings results in energy savings of the order of 6%; the combination of the 
previous energy saving measures results in energy savings of about 28.8%; the use of 
ceiling fans leads in achieving a mean cooling energy reduction of about 63.8%; and 
night ventilation contributes in reducing the cooling load by approximately 99.2% [43]. 
Finally, Gaglia et al. evaluated different energy conservation scenarios in the existing 
non-residential building stock [42]. Their main findings concerning education buildings 
reveal a great conservation potential especially in electrical energy, and are summarized 
in Table 2. 
2.4.7 Renewable Energy Sources Utilization 
Only a decade ago, the need for renewable energy to fill the gap of energy shortage and 
reduce the skyrocketing utility costs was highly emphasized. For instance, in the U.S. 
literature, the vast availability of wind resource is mentioned, with many references to 
Texas and North Dakota, as well as to other states, where wind energy use is rapidly 
increasing. It is reported that “Geothermal power may be one of the lesser known re-
newable energy sources, but more than 500 schools nationwide have installed geother-
mal heat pump systems to provide their heating and cooling needs” [13]. 
Nowadays renewable energy sources are much more widespread and easily integrated in 
the school built environment. Specifically in Greece, there have been cases of applied 
photovoltaic systems as well as district heating and cooling through geothermal energy 
in school settlements [44, 45]. 
2.5 The situation in Greece 
In Greece, there are 15,446 schools catering to the needs of more than 1,600,000 pupils. 
The total amount of energy consumed for heating and lighting of schools is estimated 
around 270,000 MWh annually [15, 46]. 
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In Figure 7, the summary of time evolution of school buildings typologies, as presented 
by Dimoudi and Kostarela in 2008, is demonstrated [43]. 
According to C.R.E.S., there are two main categories of school buildings in Greece: 
those built before 1960, which are of stone construction, and those built after 1960 by 
the School Buildings Organization, which are constructed of concrete and bricks and are 
either uninsulated or insulated if built after 1980. SBO buildings are similar in design 
and differ mainly in size and configuration. Classrooms are usually organized in a linear 
formation or in L-shape, while it is more seldom to find compact, U-shaped, or schools 
lying around a central space. Depending on their layout requirements, school buildings 
have one, two or three storeys [15]. The most common typical floor layouts of school 
building types are presented in Figure 6 [47]. 
 In 2010, Dascalaki and Sermpetzoglou noted that most of the school building stock is 
obsolete, having been constructed before 1964. About 41% of the schools are aged over 
30 years, while a percentage of about 42% is considered relatively new, having been 
constructed after 1985. The 54.1% of the schools have a considerably adequate building 
envelope, while the 42.3% have window frames of good condition. The proportion of 
poorly insulated school buildings is about 25%, whereas 70% of the building stock is 
assessed to have an adequate operation of heating system, which consists of central oil-
fired boilers with radiators, local heat pumps and all kinds of stoves [26]. As Gaitani et 
al. reported in 2015, currently in Greece, 4,500 out of the 15,446 schools, are over 45 
years old, with the annual average energy consumption in secondary schools bill-based 
estimated at 16kWh/m² for electricity and at 68kWh/m² for space heating [46]. 
Finally, the important issue of schools located in mountain villages or isolated islands of 
the country should be addressed. These settlements are mainly oversized buildings with 
obsolete or even absent HVAC systems, thus playing a key role to the significant energy 
consumption, the related greenhouse gas emissions, the thermal discomfort and the in-
adequate indoor air quality conditions 
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Figure 6 Typical school building floor layouts [83] 
 
Figure 7 Time evolution of school 
building typologies [43] 
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2.6 Programs and Incentives 
In the European Union effort at providing appropriate and innovative means of financ-
ing to initiate investment in energy efficiency measures, a number of financial instru-
ments were adapted. They are briefly described within the Directive 2010/31/EU and 
concisely mentioned here as follows [6, 48]:  
 Regulation (EC) No 1080/2006 of the European Parliament and of the Council of 5 
July 2006 on the European Regional Development Fund 
 the public- private partnership on a “European energy-efficient buildings” initiative 
 the EC- European Investment Bank (EIB) initiative “EU sustainable energy financ-
ing initiative” 
 the EIB-led “Marguerite Fund”: the 2020 European Fund for Energy, Climate 
Change and Infrastructure  
 Jeremie (Joint European Resources for micro to medium enterprises);  
 the Energy Efficiency Finance Facility  
 the Competitiveness and Innovation Framework Programme including for example 
the technical assistance facility ELENA (European Local Energy Assistance)  
 the Covenant of Mayors  
 the Entrepreneurship and Innovation Programme  
 the Seventh Research Framework Programme 
 the Horizon 2020 
 funding with the aim of stimulating energy-efficiency-related measures by the Eu-
ropean Bank for Reconstruction and Development  
 
It is also emphasized that these financial instruments should be used to give practical 
effect to the objectives of the European Directive, without substituting national 
measures, but initiating the development of national, regional and local energy efficien-
cy funds, instruments, or mechanisms [6]. 
In Greece, the first concerning environmental and sustainable development regarding 
energy saving measures in existing public buildings, including schools, was the SAVE 
program. Afterwards, the Hellenic Ministry of Environment and Climate Change alone, 
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or in partnership with the School Building Organization, funded some more, concerning 
the implementation of energy performance improvement proposals, as well as the con-
struction of bioclimatic schools [11]. 
During the last decades, several more European or national programs were formulated, 
aiming at the enhancement of the school built environment, in terms of energy perfor-
mance. Such are the European projects “School of the Future-Towards Zero Emission 
with High Performance Indoor Environment” [49–51], “Educa-RUE” [52], the Portu-
guese “Secondary School Building Modernisation Programme” [53, 54] and the Ger-
man “Energieeffiziente Schulen - EnEff:Schule” [55, 56]. 
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3 Problem Definition 
3.1 Favorable Design 
As concluded by the previous analysis, education buildings constitute a special building 
category with high energy needs and great conservation potential. The distinctiveness of 
the school buildings is due to their diversity, heterogeneity, intermittent operation and 
their special occupancy profiles. Therefore, attention should be paid in a series of pa-
rameters concerning their initial design and their operation afterwards.  
The scope of this study is to provide answers to fundamental questions that arise when it 
comes to designing a school from scratch, or retrofitting one, as well as give solutions to 
more complex quandaries about the selection and operation of its systems. Within this 
study the thermal behavior of a typical Greek education building is investigated, aiming 
to tackle the issues of the ideal orientation of the building, the optimal location of the 
insulation layers, the most efficient scenario of heating operation, the reheating and the 
proper ventilation of the building, in the special climatic conditions of Greece. 
3.2 Climatic Conditions 
Greece is located in the southeastern part of Europe. It is confined to the area between 
the 34 and the 42 parallel N, with a meridional extent from 19 to 28 E and borders with 
the Aegean, the Ionian and the East Mediterranean Sea. Greece exhibits a typical Medi-
terranean climate, with mild and rainy winters, warm and dry summers and long sun-
shine during the most part of the year. The latter can be broadly divided into two peri-
ods: the heating period, from October until the end of March and the cooling period, 
from April until September [57]. 
Additionally, the country’s rich topography and proximity to the sea conduce to the ob-
servation of a significant variety of climatic subtypes. For that reason, four climatic 
zones according to the climatic characteristics of each region had been introduced by 
the Greek “KENAK” Regulation, as shown in Figure 8 [12, 57]. 
The city of Thessaloniki is situated in Northern Greece and spreads along the Thermaic 
Gulf. The city’s climate is Mediterranean, characterized by hot and dry summers and 
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mild and wet winters. According to the Hellenic National Meteorological Service’s data 
of 38 years, the annual mean temperature is 15.9 °C, the annual mean values of relative 
humidity and precipitation are 62.4% and 448.7 mm respectively, while the mean annu-
al wind speed is 5.6 m/s, with a dominant north-west direction [57, 58]. In Figure 9 the 
monthly minimum, average and maximum temperature values are illustrated. 
 
Figure 8 Schematic mapping of Greek climatic zones [12] 
It is also worth mentioning the observed Urban Moisture Excess (UME) phenomenon 
Thessaloniki exhibits, in addition to the Urban Heat Island (UHI) phenomenon. The 
UME is characterized by higher moisture in the urban than in the semi-rural areas. Dur-
ing the day the two effects are rather negatively correlated, while at night the UHI pre-
cedes the UME [58]. 
 
Figure 9 Mean temperature values for the city of Thessaloniki [57] 
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3.3 Building Description 
The building that was selected for the energy modeling is a secondary education build-
ing, located in the city of Thessaloniki. The school was constructed in 1978, as a part of 
a school complex in the area of Kato Toumpa, as shown in Figure 10. 
 
Figure 10 The selected school building spotted in Thessaloniki 
It is a three-storey building, with a total area of 1,647 m
2
. It comprises a basement, pre-
sented in Figure 11, with the lower part of its walls buried in the ground, as well as a 
ground and a first floor, both fully exposed to the outside air, as presented in Figure 12 
and  
Figure 13, respectively. The circulation between the levels is accomplished with two 
stair shafts. All levels include classrooms, labs, offices, corridors and restrooms, in a 
general layout of “open corridor” school building type. 
The building is basically a heavy construction of concrete, without thermal insulation 
except for a 5cm layer of stonewool in the internal side of the basement walls, whether 
they are adjacent to the ground or not. It has a tiled roof of 675 m
2 
and large windows in 
both facades of the long axis of the building. 
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Figure 11 Basement plan 
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Figure 12 Ground floor plan 
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Figure 13 First floor plan 
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4 Energy Auditing 
4.1 Simulation Tools 
The software used for the completion of the current study was AutoCAD 2012 [59] and 
Google Sketchup Pro 2017 [60] for the 3D building modeling, as illustrated in Figure 
14, along with EnergyPlus 8.3.0 [61] and OpenStudio 2.2.0 [62] for the energy simula-
tion. EnergyPlus software was used with an hourly simulation of the thermal behavior 
of the building for a reference year. 
 
Figure 14 3D illustration of the studied building 
4.2 Assumptions 
For the energy simulation, several assumptions were necessary. The climatic data for 
the city of Thessaloniki was retrieved in the form of an EnergyPlus Weather Data file 
[61].  For the initial run a set of 100 “warm up” days was selected in order for the tem-
perature convergence tolerance values to be satisfied. Also, the random orientation of 
50° from north for the axis of the building was selected for the energy modeling. 
Apart from the outside air temperatures that were used, the custom monthly average 
ground temperatures were calculated with the basement utility program of EnergyPlus, 
given the climatic data of Thessaloniki, as follows in Table 3. 
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Table 3 Monthly average ground temperatures 
Month 
Average ground 
temperature 
Month 
Average ground 
temperature 
January 19.75 °C July 25.86 °C 
February 20.11 °C August 25.87 °C 
March 21.26 °C September 24.69 °C 
April 23.22 °C October 22.85 °C 
May 25.16 °C November 19.99 °C 
June 25.68 °C December 19.93 °C 
 
The winter, or heating period, of the year is considered to be from the 1
st
 of January un-
til the 20
th
 of April and from the 20
th
 of October until the 31
st
 of December. The sum-
mer, or cooling period, is the remaining time between the 21
st
 of April and the 19
th
 of 
October. As far as the school’s specific operating schedule is concerned, along with the 
weekends of the reference year, when the operation of the school is ceased, some other 
special days/holidays were selected, when Greek schools remain closed as presented in 
Table 4. 
Table 4 Special days when schools are closed 
Special Day(s) Date Duration 
New Year’s Eve holidays 01-01 7 days 
Religious observance 30-01 1 day 
Religious observance 25-02 1 day 
Public holiday 25-03 1 day 
Easter holidays 10-04 14 days 
Public holiday 01-05 1 day 
Religious observance 01-06 1 day 
Summer holidays 15-06 85 days 
Public holiday 28-10 1 day 
Public holiday 17-11 1 day 
Christmas holidays 25-12 7 days 
 
The building components that were used, along with a brief description and their ther-
mal properties are listed below, in Table 5. The layering of the construction elements is 
a combination of the existed and, either external or internal coatings of new materials, 
in such way to meet the requirements of the KENAK Regulation [12] of Zone C. The 
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detailed calculations of the thermal transmittance coefficients are attached in the Ap-
pendix. 
Table 5 Building components 
Code name Description U-value 
EW1A 
External wall of 40cm concrete and 7cm external insulation of 
extruded polystyrene 
0.405 W/m2K 
EW1B 
External wall of 40cm concrete and 8cm internal insulation of 
stonewool, equivalent to EW1A 
0.405 W/m2K 
EW2A 
External wall of 30cm concrete, 5cm internal insulation of 
stonewool and 7cm external insulation of extruded polystyrene 
0.260 W/m2K 
EW2B 
External wall of 30cm concrete and 13cm internal insulation of 
stonewool, equivalent to EW2A 
0.260 W/m2K 
EW3 
External wall of 30cm concrete and 5cm internal insulation of 
stonewool, in contact with the ground 
0.586 W/m2K 
ER1 External tile roof with 7cm insulation of extruded polystyrene 0.364 W/m
2K 
EF1 
Floor of concrete and 4cm insulation of extruded polystyrene, 
in contact with the ground  
0.643 W/m2K 
WD1 
Exterior fenestration of 6mm glazing-16mm air gap-6mm glaz-
ing and shading coefficient 0.703 
2.673W/m2K 
 
The entire building was treated as a single thermal zone, taking though into considera-
tion the internal thermal exchanges, by inserting internal mass. The walls and floors 
composing the internal mass, as well as the area of the surfaces that exchange heat are 
presented in  
Table 6. 
Table 6 Internal mass components 
Code name Description Area 
IW1 Internal wall of plaster and 10cm brick 2,100 m
2 
IF1 Internal floor of mosaic, 20cm concrete and plaster 1,944 m
2 
 
Some additional information was used for the energy modeling of the particular school 
building, as follows: The total number of teachers, students and staff of the school is 
180 people. The lighting of the building is done with luminaires with electronic ballast 
and fluorescent lamps. The total installed power is estimated at 11,690 W. The total 
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power of the electrical equipment, i.e. printers, personal computers and interactive 
boards, is estimated at 9,400 W. 
Table 7 Operation profiles 
Hour People Lighting Equipment Infiltration 
 % % % % 
1 0 0 0 15 
2 0 0 0 15 
3 0 0 0 15 
4 0 0 0 15 
5 0 0 0 15 
6 0 0 0 15 
7 0 0 0 15 
8 10 40 10 25 
9 78 100 100 100 
10 78 80 100 100 
11 85 40 100 100 
12 85 40 100 100 
13 85 40 100 100 
14 93 40 100 100 
15 50 40 50 100 
16 0 0 0 100 
17 0 0 0 15 
18 0 0 0 15 
19 0 0 0 15 
20 0 0 0 15 
21 0 0 0 15 
22 0 0 0 15 
23 0 0 0 15 
24 0 0 0 15 
*Note: hour 1 corresponds to the period from 24:000 to1:00, etc. 
 
In the fresh air calculation, only the 80% of the school population is taken into consid-
eration, which corresponds to 144 persons. This is the numeric value in the fully occu-
pied mode of the building. Afterwards, the minimum value of demand in fresh air per 
person is set at 22 m
3
/h, in compliance with the KENAK Regulation [12], resulting in a 
total demand of fresh air of 3,168 m
3
/h. That value, given that the total volume of the 
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building is 6,005 m
3
, corresponds to 1.9 ach (air changes per hour). In most cases of the 
current study, this amount of fresh air is considered to be an intake through infiltration, 
due to the fact that the air-tightness of the openings is never ideal. Therefore, the value 
of 1.9 ach is set as infiltration in the energy simulation model. 
The operation hours of the school are those between 07:00 a.m. and 15:00 p.m. Classes 
take place during 08:00 a.m. - 15:00 p.m. The detailed operation profiles of the people, 
the lighting level, the electrical equipment and the infiltration are presented in Table 7, 
as a percentage of the full value in each case, for every hour of a typical day. 
Finally, for the needs of the heating system simulation, the “Ideal Loads Air System” in 
EnergyPlus was used, in order to calculate loads without modeling a full HVAC system. 
Several published studies have used this tool for HVAC system modeling, in order to 
identify energy efficient solutions and examine the impact of different parameters, such 
as the building geometry and the application of low emissivity windows or phase 
change materials in the thermal behavior of the built environment [63–66]. 
All that is required for the ideal system are zone controls, zone equipment configura-
tions, and the ideal loads system component. This component can be thought of as an 
ideal unit that mixes zone air with the specified amount of outdoor air and then adds or 
removes heat at 100% efficiency in order to meet the specified controls. Energy use is 
reported as Joules consumed in an hourly base, thus Kilowatt-hours. The maximum 
heating supply air temperature is set at 35°C. No requirements for humidification or de-
humidification have been taken into account. 
4.3 Orientation 
The first part of this study concerns the ideal orientation that should be adopted at the 
design stage of a school building. In the case of the particular building this thesis deals 
with, major windows are located in its two opposite large facades. Therefore, studying 
the building’s behavior in four different orientations is enough to draw some adequate 
conclusions. 
The comparison that follows is based in the simulation of the building’s behavior during 
the hours of operation, when being oriented with the long axis running north/south, 
north-east/south-west, east/west and north-west/south-east. At this point, it should be 
noticed that the building that took part into the simulation is considered to be externally 
insulated. 
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In Figure 15 the effect of the building’s orientation in energy consumption, in a typical 
day of January is illustrated. The case in which the major openings face east and west 
results in the highest energy consumption, with a peak value at about 84kWh, while 
north and south orientation appears to be the most appropriate during January. 
 
Figure 15 Effect of orientation in energy consumption, in a typical day of January 
Slightly different results are presented in Figure 16, where the energy consumption dur-
ing the school’s operation hours in a typical day of February is shown. What is interest-
ing is that orientation starts playing a key role in energy consumption, only after 11:00 
a.m., due to the position of the sun at this time of the year. However, north and south 
orientation seems to be best in this case, too. 
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Figure 16 Effect of orientation in energy consumption, in a typical day of February 
In a typical November day, east and west orientation compete with north-east and 
south-west for the last place in energy consumption, while north and south orientation 
dominate during most of the day, having even almost 10 kWh difference in energy con-
sumption in comparison with east and west orientation, as shown in Figure 17. 
 
Figure 17 Effect of orientation in energy consumption, in a typical day of November 
Finally, in Figure 18, the four lines illustrating energy consumption during a typical day 
of December appear to be almost parallel, presenting no significant fluctuations be-
tween different orientations, with the north and south ones being recommended for this 
month, too. 
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Figure 18 Effect of orientation in energy consumption, in a typical day of December 
Hence, the suggestions that buildings should be oriented in such a way that major win-
dows face either north or south, maximizing solar gains during winter, are found cor-
rect. Also, the implication that north orientation has low heat gains and increased heat 
losses during winter, is proved right, too. 
4.4 Envelope 
As far as the envelope of the building is concerned, several scenarios of the existing, 
non-insulated building, as well as the installation of thermal insulation internally or ex-
ternally of the building’s shell were approached. 
 
Figure 19 Effect of thermal insulation in monthly energy consumption 
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The non-insulated building led to an annual consumption level of 58,555 kWh, with a 
peak demand of 209 kWh during the coldest day of the year, in February. When the 
same building was modeled as if it was externally insulated, the resulted total amount of 
energy for the operation of the school during the whole reference year has dropped to 
57% of the non-insulated case. The annual energy consumption of the insulated building 
is 33,618 kWh, with a peak demand of 141 kWh. The breakdown of these numbers into 
the monthly energy consumption in both cases is presented in Figure 19. 
The fluctuation of the mean air temperature of the zone during the first day of the 
school’s operation, after being closed for Christmas holidays, for both insulated and 
non-insulated buildings, is presented in Figure 20. In Figure 21 the energy consumption 
of both buildings during the first day of operation in January is shown. 
 
Figure 20 Zone temperature in the first day of operation, in January 
 
Figure 21 Energy consumption in the first day of operation, in January 
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Following the same motive, the figures below illustrate the zone air temperature and the 
energy consumption, respectively, during the coldest day of the year in February. It is 
worth mentioning that in Figure 22 the lowest zone air temperature of the whole year, 
that of 11.9°C is reported. Also, in Figure 23, the aforementioned peak demand of  
209 kWh can be easily spotted. 
In relation to the way a school building should be insulated, a widely shared claim is 
that internal insulation in education buildings is more energy-efficient. The argument 
was deducted by the fact that quicker reheating of the building is feasible with internal 
insulation in combination with the limited hours of operation. The investigation of the 
appropriate way of insulating a school building is analyzed in the next chapter, in con-
junction with some alternative heating operation scenarios. 
 
Figure 22 Zone temperature in the coldest day of the year, in February 
 
Figure 23 Energy consumption in the coldest day of the year, in February 
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4.5 Heating Operation 
An important quandary, besides the one concerning the way a school building should be 
insulated, is what the optimal way of the heating system operation is. In order for a 
thorough analysis to be completed, three alternative scenarios of heating system opera-
tion, concerning the temperature set points, were involved in energy modeling.  
Table 8 Temperature set points of the three heating system operation scenarios 
Hour Heating temperature set point (°C) 
Scenario 1 Scenario 2 Scenario 3 
1 0 15 0 
2 0 15 0 
3 0 15 0 
4 0 15 0 
5 0 15 0 
6 0 15 0 
7 0 15 16 
8 0 15 18 
9 20 20 20 
10 20 20 20 
11 20 20 20 
12 20 20 20 
13 20 20 20 
14 20 20 20 
15 20 20 20 
16 0 15 0 
17 0 15 0 
18 0 15 0 
19 0 15 0 
20 0 15 0 
21 0 15 0 
22 0 15 0 
23 0 15 0 
24 0 15 0 
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The first scenario is the simplest possible way for the heating system to operate. That is 
accomplished by setting a lower limit of the thermostat temperature at 20 °C, during the 
7 hours of the school’s operation; the rest of the day the heating system is programmed 
to be shut down and there is not any zone temperature set point. The second scenario, 
contains the same set point temperature of 20 °C, during the 7 hours of the school’s op-
eration in addition to a second set point of 15 °C during the rest of the day, which in-
tends to prevent the building of being extremely cooled down and hiking up the energy 
demand in the first hour of operation in the morning. The third operation scenario also 
aims at eliminating the possibility of an extreme energy demand during the first hour of 
operation in the morning; but without the constant need of the heating system to operate 
during the night. That is possible by setting a two-hour morning reheat, which allows 
the building to reach the desirable temperature of 20 °C gradually. For the needs of the 
energy simulation, the thermostat is set at 16 °C between 06:00 and 07:00 a.m. and at 18 
°C between 07:00 and 08:00 a.m. In Table 8 the temperature set points of the three dif-
ferent scenarios of the heating system operation are summarized. 
In the following analysis, two different types of buildings are compared, in relation to 
each of the three operating case scenarios: the first is the externally insulated building, 
with the construction components EW1A, EW2A, EW3, ER1 and EF1; the second is 
the internally insulated building, with the construction components EW1B, EW2B, 
EW3, ER1 and EF1, as presented previously in Table 5. 
Except for the total energy consumption of the building in the several cases and the 
monthly breakdown of that amount, some typical days of the year are examined, in or-
der to draw more accurate conclusions. These are: 
 The first day of school operation, after Christmas holidays, in January 
 The coldest day of the reference year, in February 
 Typical Mondays of January, February, November and December 
 Typical Fridays of January, February, November and December 
At this point, it should be noted that the “typical” days are assumed to be some random 
days in the middle of each month. Mondays are selected since the building has remained 
closed during the weekend and the energy demand for heating it up should be important. 
Fridays are selected for the opposite reason; the school has operated for a whole week 
and the energy demand for its reheating is expected to be less significant. 
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4.5.1 Operation Scenario 1 
The application of the heating operation scenario 1, where the thermostat temperature is 
set at 20 °C, during the 7 hours of the school’s operation led to a total annual energy 
demand of 33,489 kWh in the case of the internally insulated building, which 
corresponds to 20.3 kWh/m
2
. The peak demand was observed on February 9
th
 and its 
value is 140 kWh. As far as the externally insulated building is concerned, the total 
annual energy demand is 33,618 kWh, which corresponds to 20.4 kWh/m
2
 and the peak 
demand is 141 kWh. These numbers show a total energy decrease of less than 1% in the 
case of the internally insulated building.  
The monthly energy consumption breakdown is presented in Figure 24. The primary 
differences between the two cases of thermal insulation application are noticed in the 
monthly energy consumption values are during February, when the internally insulated 
building appears to be more energy efficient by 325 kWh and during November, when 
the weather is milder and the externally insulated building performs better, differing by 
201 kWh from the other. 
 
Figure 24 Monthly energy consumption in heating scenario 1 
In the following analysis, the detailed results for some representative days of operation 
are presented in terms of zone mean air temperature fluctuation and energy consump-
tion. 
To begin with, in Figure 25, the indoor temperature during the first day of operation af-
ter the Christmas holidays is presented. The lower temperature value is 14.2 °C, report-
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ed at 8:00 a.m. in the internally insulated building; at the same time the temperature in 
the externally insulated building is 15.2 °C. 
That temperature difference is reflected in the energy demand as illustrated in Figure 
26, where it is shown clearly that the internally insulated building needs 135 kWh to 
warm up and reach the set point of 20 °C, while in the externally insulated building this 
is achieved with 120 kWh. 
In general, the external insulated building definitely performs better during the first day 
of operation in January, with an hourly difference of 8 to 16 kWh less than the internal 
insulated one. 
 
Figure 25 Zone temperature in the first day of operation, in January 
 
Figure 26 Energy consumption in the first day of operation, in January 
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During the coldest day of the year in February, the zone mean air temperature values of 
both buildings remain almost equal, with a lowest temperature value of 14.9 °C in the 
internally insulated and 15 °C in the externally insulated building, as shown in Figure 
27. In Figure 28 the related energy consumption values during the whole day are 
presented. The aforementioned peak demands of 140 kWh and 141 kWh in the 
internally and externally insulated building respectively are reported here. Overall, the 
two curves appear to be very close, with a maximum difference of 5 kWh during the 
noon hours. It can be therefore concluded that the internally insulated building performs 
slightly better. 
 
Figure 27 Zone temperature in the coldest day of the year, in February 
 
Figure 28 Energy consumption in the coldest day of the year, in February 
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Given the fact that February is the coldest and November the most gentle month of the 
heating period of the reference year, a typical Monday and Friday of each one of these 
months are selected and presented below. 
In Figure 29 it can be easily noticed that the internal air temperature of both buildings is 
almost the same, during a typical Monday of February. Despite the fact that the school 
remained closed during the weekend, the zone air temperature in both cases did not drop 
below the set point of 15 °C during the first morning hours. More specifically, in the 
externally insulated building the lowest temperature of 15.8 °C was reported. In the 
internally insulated building that value was less than 1 °C lower. 
 
Figure 29 Zone temperature in a typical Monday of February 
 
Figure 30 Energy consumption in a typical Monday of February 
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This match of performance is illustrated in Figure 30, where the curves representing the 
energy consumption during the typical Monday of February appear to be almost identi-
cal for both the internally and the externally insulated building. The only profound dif-
ference is shown during the start-up of the heating system, while in the case of the in-
ternally insulated building 4 additional kWh are required for it to warm up. 
On the contrary, the interior of the internally insulated building appears to be almost 1 
°C warmer than that of the externally insulated during the hours that the heating system 
is not operating, in a typical Friday of February. This result is presented in Figure 31. 
These reversed results are reflected in the energy demand of the two buildings, as 
shown in Figure 32. The previous temperature difference leads to a constant difference 
of 3 kWh in energy consumption. 
 
Figure 31 Zone temperature in a typical Friday of February 
 
Figure 32 Energy consumption in a typical Friday of February 
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It can be therefore concluded that the externally insulated building performs slightly 
better during the Mondays of the coldest month of the year, while the internal insulation 
of the other building is more energy efficient during the Fridays of February. 
As regards November, which is a milder month, the results of the energy simulation re-
vealed some different information about the performance of the two buildings during 
the beginning and the end of a typical week. That is, a slight difference in the zone 
mean air temperature, favoring the externally insulated building during a typical Mon-
day, as shown in Figure 33.  
 
Figure 33 Zone temperature in a typical Monday of November 
 
Figure 34 Energy consumption in a typical Monday of November 
That temperature difference reflects to a peak demand of 73 kWh in the case of the in-
ternally insulated building, in comparison with 66 kWh which is required in order for 
the externally insulated building to warm up in the first morning hours after the week-
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end. In Figure 34 the fluctuation of energy demand in both cases of insulated buildings 
in a typical Monday is presented. The difference in energy consumption ranges between 
2 and 7 kWh. 
Finally, when examining the performance of the two buildings during a typical Friday 
of November, when the school has already operated for 4 days in a row, the temperature 
difference between the two cases is negligible, as shown in Figure 35. Accordingly, the 
difference in the energy consumption values for heating is insignificant, as presented in 
Figure 36. 
 
Figure 35 Zone temperature in a typical Friday of November 
 
Figure 36 Energy consumption in a typical Friday of November 
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It should be mentioned that the rest of the results of all typical Mondays and Fridays of 
the reference year, as far as heating operation scenario 1 is concerned, are attached in 
the Appendix. 
4.5.2 Operation Scenario 2 
The application of the heating operation scenario 2, which contains the set point tem-
perature of 20 °C during the 7 hours of the school’s operation in addition to a second set 
point of 15 °C during the rest of the day, led to a total annual energy demand of 33,539 
kWh in the case of the internally insulated building. The peak demand that was 
observed is 140 kWh. As far as the externally insulated building is concerned, the total 
annual energy demand is 33,637 kWh and the peak demand is 141 kWh. These values 
reveal that the total energy in the case of the externally insulated building is increased 
by less than 1%.  
The monthly energy consumption breakdown is presented in Figure 37. The most 
notable differences in the monthly energy consumption between the two cases of 
thermal insulated buildings are noticed during February, favouring the internally 
insulated building by 315 kWh and during November, when the externally insulated 
building performs better by  201 kWh. 
 
Figure 37 Monthly energy consumption in heating scenario 2 
The analysis of the temperature and energy consumption values for every single day of 
the reference year revealed results very similar to these of the heating operation scenario 
1. That was certainly expected, as the total annual energy consumption values of the 
two operation scenarios are highly related. 
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The fact that the building is more than adequately insulated, internally or externally, 
makes it extremely rare to present a drop of temperature below the temperature set point 
of 15 °C. Thus, both buildings in scenario 1 and 2 perform quite similarly. 
Nevertheless, a difference that was spotted during the first day of the school operation 
after the Christmas holidays in January is presented in Figure 38. It can be easily ob-
served that, while the externally insulated building’s zone air temperature is constantly 
above 15 °C during the first morning hours, the temperature of the internally insulated 
building is just 15 °C continuously. That is occurring because in the first case the build-
ing has reached that temperature naturally, without the need of the heating system to 
operate, while in the case of the internally insulated building the heating system is oper-
ating, consuming energy as shown in Figure 39 to maintain a zone mean air temperature 
of 15 °C, as defined by the set point. 
 
Figure 38 Zone temperature in the first day of operation, in January 
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Figure 39 Energy consumption in the first day of operation, in January 
The full extension of the results, during all typical Mondays and Fridays of the refer-
ence year, regarding heating operation scenario 2 are attached in the Appendix. 
4.5.3 Operation Scenario 3 
The energy simulation integrating heating operation scenario 3, where the thermostat 
temperature is set at 16 °C between 06:00 and 07:00 a.m., at 18 °C between 07:00 and 
08:00 a.m., and at 20 °C during the next 7 hours of the school’s operation showed a 
total annual energy demand of 34,575 kWh in the case of the internally and 34,336 kWh 
in the case of the externally insulated building. These values correspond to 21 kWh/ m
2 
for the internally and 20.8 kWh/ m
2 
for the externally insulated building. That is the 
only scenario, in which the external application of the thermal insulation resulted in a 
better overall annual performance. 
The peak demands that were observed are 130 kWh for the internally and 131 kWh for 
the externally insulated building. This is crucial, as the intention of this operation 
scenario was to prevent the energy demand in the first hour of operation from hiking up. 
The monthly energy consumption breakdown is presented in Figure 40. The greatest 
differences between the two cases of thermal insulation application are spotted in 
February, when the externally insulated building appears to be more energy efficient by 
239 kWh and in November, when the internally insulated performs better, with a 
difference of  248 kWh compared to the other. 
 
Figure 40 Monthly energy consumption in heating scenario 3 
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The dissection of the energy simulation results revealed some interesting information 
about the first day of the school operation in January. To begin with, the rise of the zone 
air temperature of the internally insulated building appears initially below 15 °C and 
then clearly follows the set points of 16 °C, 18 °C and 20 °C, as shown in Figure 41. 
On the other hand, the externally insulated building presents an initial temperature of 
15.7 °C in 6:00 a.m., right before the beginning of the heating system operation. This 
minor energy demand is illustrated in Figure 42, in comparison to the greater energy 
demand of the internally insulated building. The peak demand of the latter during the 
first hour of the school operation reaches the value of 126 kWh, while the peak value 
for the externally insulated building is 113 kWh. 
 
Figure 41 Zone temperature in the first day of operation, in January 
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Figure 42 Energy consumption in the first day of operation, in January 
In relation to the typical days of the year, a few similar conclusions can be drawn in this 
operation scenario, too. During some typical Mondays of the year the externally insulat-
ed building performs better, while during the end of the week, in the typical Fridays that 
were examined, the internally insulated building appears to be more energy efficient. 
The whole range of the results for this heating operation scenario can be found in the 
Appendix. 
4.5.4 Comparison of the Scenarios analyzed 
The analysis concerning the three selected heating system operation scenarios when 
applied to the two different types of buildings, the internally and the externally 
insulated, is summarised in Table 9, in terms of monthly and annual energy 
consumption values, in kWh, along with the maximum values of demand that were 
tracked down from the whole heating period of the simulation.Annual energy demand, 
as well as individual values for each month, present an increase from the first to the 
second operation scenario and a further increase in the third one. This is quite 
reasonable, given that the minimum heating system operating hours are observed in the 
first, and the maximum in the third scenario. 
 
Table 9 Monthly, annual and peak values of energy consumption for all operation scenarios and 
building types 
Month 
Energy Consumption (kWh) 
Scenario 1: 8am-15pm set Scenario 2: 24h set Scenario 3: 2h reheat 
Internal 
insulation  
External 
insulation 
Internal 
insulation  
External 
insulation 
Internal 
insulation  
External 
insulation 
JAN 9,037 8,930 9,075 8,948 9,399 9,188 
FEB 7,993 8,318 8,003 8,318 8,249 8,488 
MAR 4,968 5,227 4,968 5,227 5,073 5,278 
APR 21 41 21 41 22 40 
OCT 190 16 190 16 200 16 
NOV 4,243 4,042 4,243 4,042 4,353 4,106 
DEC 7,037 7,044 7,039 7,045 7,279 7,220 
TOTAL 33,489 33,618 33,539 33,637 34,575 34,336 
PEAK 140 141 140 141 130 131 
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Regarding the comparison between the internally and externally insulated buildings, the 
first appears to perform better during February, March and April in all three scenarios, 
as well as in December in scenarios 1 and 2. For the rest of the months, the externally 
insulated building appears to be slightly more energy efficient. 
 
Figure 43 Monthly energy consumption in the internally insulated building 
 
Figure 44 Monthly energy consumption in the externally insulated building 
Neverthertheless, it is worth mentioning that in the months presenting the most notable 
values of energy consumption, the difference of the energy demand of the internally, 
compared to the externally insulated building is from 3 to 5% less. The maximum 
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observed annual difference recorded between the two types of buildings, favouring the 
internally insulated, is 129 kWh, which is a relatively minor difference, bearing in mind 
that the application of external insulation in a building’s envelope is much more cost 
effective. 
In Figure 43 and Figure 44 the three operation scenarios of the most important months 
in reference to energy consumption are compared for the case of the internally and the 
externally insulated building, respectively. 
 
Figure 45 Daily energy consumption peaks in the reference year 
Despite the fact that scenario 3 displays increased overall energy consumption levels, a 
substantial decrease in the peak energy demand values is observed, thus constituting 
that scenario an efficient option in terms of dimensioning the heating system. The 
difference in the peak demand values throuought the whole year is illustrated in Figure 
45.  
4.6 Mechanical Ventilation 
After conducting the analysis aiming at the selection of the most appropriate way the 
heating system should operate, the alternative of mechanical ventilation with heat re-
covery heat exchangers is considered for its efficiency. 
For the needs of the energy simulation several assumptions are also made in this case. 
Firstly, a heat exchanger with 70% efficiency is selected. The heat recovery is presumed 
to be conducted in the exhaust air flow, thus degrading the initial efficiency to a final 
value of 65%. Also, the assumption of no air inflow entering the building through the 
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openings during the school operation has been made, due to the presumed excessive 
pressure operation condition of the interior of the building.  
The air volume that was taken into account for the mechanical ventilation during the 
school operation hours is equal to the required value as calculated in Chapter 4.2, which 
is 1.9 air changes per hour. During the hours that the school is not operating, the 15% of 
the infiltration amount used in the previous case was adapted here, too. Finally, the 
building in energy simulation of this case study was the externally insulated. 
 
Figure 46 Effect of heat recovery in monthly energy consumption in operation scenario 1 
 
Figure 47 Daily energy consumption peaks during the reference year in operation scenario 1 
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The annual consumption result of the energy simulation with the application of the heat-
ing operation scenario 1 with heat recovery dropped by 61% to 13,225 kWh, with a 
peak demand of 83 kWh, versus the 33,618 kWh of the previous case and the peak de-
mand of 141 kWh. The monthly energy consumption breakdown is presented in Figure 
46 in comparison with the externally insulated building of the previous case, without 
heat recovery. In Figure 47 the daily energy peak demand values during the entire year 
of the school operation are demonstrated. 
 
Figure 48 Effect of heat recovery in monthly energy consumption in operation scenario 2 
 
Figure 49 Daily energy consumption peaks during the reference year in operation scenario 2 
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The annual consumption derived from the application of the heating operation scenario 
2 with heat recovery is 13,200 kWh, with a peak demand of 83 kWh, similarly with the 
operation scenario 1. The previous results, without heat recovery were annual energy 
consumption at 33,637 kWh and peak demand at 141 kWh. Therefore the drop of the 
total energy consumption was 61% in this scenario, as well. The monthly energy 
consumption breakdown for both cases is presented in Figure 48. The daily energy peak 
demand values during the whole year of the school operation are demonstrated in Figure 
49. 
 
Figure 50 Effect of heat recovery in monthly energy consumption in operation scenario 3 
 
Figure 51 Daily energy consumption peaks during the reference year in operation scenario 3 
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The application of heat recovery in operation scenario 3 led to an annual energy con-
sumption of 12,739 kWh, with a peak demand of 60 kWh. This is a decrease of 63% in 
energy consumption compared to the simple heating system, without heat recovery, in 
which the deriving annual energy consumption was 34,336 kWh with a peak demand of 
131 kWh. The monthly energy consumption breakdown of both cases is presented in 
Figure 50 and the daily energy peak demand values in Figure 51. 
The detailed data of all typical days during the year that were examined for all scenarios 
are attached in the Appendix. 
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5 Renewable Energy Systems 
Integration 
5.1 General Information 
The goal of this chapter is the investigation of the extent, in which the total annual elec-
tricity needs of the school building can be covered by energy produced on-site by re-
newable energy sources. In this framework, the alternative of Photovoltaic integration in 
the building is further examined. This option appears to be the most appropriate one, 
because the energy generated from the sun can be stored in the grid, due to the Net Me-
tering scheme, regardless of the school operation schedule. In this way, the integrated 
PVs can store energy throughout the year, especially in the summer when maximum 
efficiency occurs.  
The annual electricity, in terms of total end uses, is estimated by deploying the energy 
simulation results. The total electricity demand that needs to be covered is 19,450 kWh, 
8,593 kWh of which corresponds to interior lighting and the remaining 10,857 kWh to 
the interior equipment. 
 
Figure 52 Suggested PV integration layout 
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For the needs of this study, the same building is rotated by 50° from north, as in the 
previous cases. The Photovoltaic arrays will be installed on the building’s roof, which 
has a slope of 24°, in a layout as pictured in Figure 52. 
5.2 System Design 
The software that was used for the Photovoltaic Integration modeling is System Advisor 
Model (SAM) Version 2017.9.5 [67]. The same software tool has been selected in sev-
eral published studies for the performance evaluation of different PV technologies and 
installation scenarios, as well as for the financial evaluation of solar systems, as it offers 
solid options for a variety of models and their cost integration [68–71]. 
For the needs of this simulation the weather data was retrieved from the EnergyPlus 
Weather Data file [61] for the city of Thessaloniki. 
Table 10 Module technical data at reference conditions 
Nominal efficiency 15.7593 % 
Maximum power (Pmp) 250.1 Wdc 
Maximum power voltage (Vmp)  30.5 Vdc 
Maximum power current (Imp) 8.2 Adc 
Open circuit voltage (Voc) 37.5 Vdc 
Short circuit current (Isc) 8.8 Adc 
 
 
Figure 53 Module curve at reference conditions 
The module that was selected has a length of 1.59 m, a width of 1 m, maximum nominal 
power of 250 Wdc and a nominal efficiency of 15.76 %. The technical characteristics of 
the module at the reference conditions of 1,000 W/m
2
 total irradiance and 25 °C cell 
temperature are presented in Table 10 and Figure 53. The selected inverter for the sizing 
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of the system has a maximum power of 10,000 Wac and its technical characteristics 
along with its efficiency curve are presented in Table 11 and Figure 54, respectively. 
Table 11 Inverter technical data 
CEC weighted efficiency 97.959 % 
European weighted efficiency 98.023 % 
Maximum AC power 10,000.0 Wac 
Maximum DC power  10,298.5 Wdc 
Power consumption during operation 19.0183 Wdc 
Power consumption at night 0.14 Wac 
Nominal AC voltage 240 Vac 
Nominal DC voltage 600 Vdc 
Maximum DC current 30.2 Adc 
Minimum MPPT DC voltage 345 Vdc 
Nominal DC voltage 380.465 Vdc 
Maximum MPPT DC voltage 480 Vdc 
 
 
Figure 54 Inverter efficiency curve 
The available space on the roof, with the tilt of 24° and azimuth of 140° has an area of 
about 340 m
2
. That was the guiding parameter for the sizing of the system, which lead 
to the selection of four inverters and 15 strings in parallel, with 12 modules per string. 
The total nominal capacity of the system is 40 kWac and the total module area is 285.7 
m
2
, leaving enough space between the arrays making the access to the modules easy. 
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5.3 Cost Analysis 
The total direct capital cost used in the cost analysis in order for the payback period to 
be calculated is 46,112.2 €. The subtotals of this value, summarized in Table 12, derived 
from a market research. 
The balance of the system equipment is defined as the total cost when adding the wiring 
cost to the cost of the additional appliances required for the system operation. In instal-
lation labor, both the labor and the additional cost for the installation of the metallic 
construction are included. Finally, according to the Hellenic Public Power Corporation 
(HPPC, DEI), the electricity price corresponding to a public school building is 0.10153 
€/kWh. 
Table 12 Total cost of the PV system breakdown 
Category Calculation Total Cost 
Modules 180 x 152 €/item = 27,360 € 
Inverters 4 x 1,637 €/item = 6,548 € 
Balance of the system equipment 500 € for wiring + 800 € for equipment = 1,300 € 
Installation labor 250 € / kW of installed capacity x 40 kW = 10,000 € 
Contingency + 2 % = 904.2 € 
Total direct cost  46,112.2 € 
Operation and maintenance costs  200 €/year 
5.4 Results 
The most important outcome of the SAM simulation is that the energy production for 
the first year of the system operation is 63,477 kWh and the payback period is 3.3 years. 
This value of energy generated by the system is more than enough to cover the electrical 
needs of the building, in terms of lighting and equipment. In the case of having a heat-
ing system that runs on electricity, the excess of energy may well be exploited. 
The monthly energy production for the first year of operation is presented in Figure 55.  
Also, the detailed results of the system performance are reported in Table 13. 
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Figure 55 Monthly energy production for the first year of the system operation 
 
Table 13 Results of PV integration simulation in SAM 
Metric Value 
Annual energy (year 1) 63,477 kWh 
Capacity factor (year 1) 16.1 % 
Energy yield (year 1) 1,410 kWh/kW 
Performance ratio (year 1) 0.83 
Electricity bill without system (year 1) 611 € 
Electricity bill with system (year 1) -5,834 € 
Net savings with system (year 1) 6,445 € 
Net present value 60,807 € 
Payback period 3.3 years 
Discounted payback period 3.6 years 
Net capital cost 46,112 € 
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6 Conclusions 
This thesis deals with the energy assessment of buildings physics principles in educa-
tion buildings, which constitute a special building category with high energy needs and 
great conservation potential. Therefore, this study focuses on the attention that should 
be paid in a series of parameters concerning the initial design and the operation, as far 
as school buildings are concerned. The scope of this thesis is to provide answers to fun-
damental questions that arise when designing a school from scratch or retrofitting one, 
as well as to give solutions to more complex quandaries about the selection and opera-
tion of its systems. Within this framework, the thermal behavior of a typical Greek sec-
ondary education building was studied, aiming to tackle the issues of the ideal orienta-
tion of the building, the optimal location of the insulation layers, the most efficient sce-
nario of heating operation and the proper ventilation of the indoor environment in the 
special climatic conditions of Greece. 
At first, the behavior of the building was explored, when sited in four different orienta-
tions. The results revealed that, when the building is oriented with the long axis running 
east/west, the smallest annual energy consumption is reported, while east and west ori-
entations result in rather high energy consumption. Therefore, the suggestions of siting 
buildings in such ways that major windows face south, thus maximizing solar gains dur-
ing winter, are proved to be correct. Similarly, the implication that north orientation has 
low heat gains and increased heat losses during winter is confirmed. 
Afterwards, the investigation of the appropriate way of insulating a school building was 
analyzed, in conjunction with three alternative heating operation scenarios. The analysis 
of the detailed results for some representative days of operation was presented in terms 
of zone mean air temperature fluctuation and energy consumption. In the first two sce-
narios examined, the internally insulated building displayed decreased total annual en-
ergy consumption of about 1% in comparison to the externally insulated building. The 
third scenario was the only case in which the external application of thermal insulation 
resulted in a better overall annual performance. Regarding the typical days that were 
examined, the externally insulated building appears to perform better during the first 
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day of operation in January, as well as in most of the typical Mondays of the year. On 
the contrary, as far as the typical Fridays are concerned, the internally insulated building 
proved to be more energy efficient. Nevertheless, the maximum observed annual differ-
ence between the two types of buildings, favoring the internally insulated one, is 129 
kWh, which is of minor importance, bearing in mind that the application of external in-
sulation in the envelope of the building is much more cost effective. The cost of the ap-
plication of the internal thermal insulation is estimated to be about 10 €/m2 higher than 
that of the external application of insulation in the building shell. Thus, the insulation of 
a wall area of 1,530 m
2
 generates a discrepancy of 15,300 € between the two insulation 
methods, an amount that is impossible to be amortized by the minor profit in terms of 
annual energy consumption, due to the internal insulation. 
Moreover, the optimal way of the heating system operation was examined, through the 
integration of three alternative scenarios, concerning the temperature set points. The 
first scenario has a set point of 20 °C, during the 7 hours of the school’s operation; the 
second scenario, contains an additional set point of 15 °C during the rest of the day; and 
the third scenario includes a two-hour morning reheat, allowing the building to reach 
the temperature of 20 °C gradually, with a set point of 16 °C between 06:00 and 07:00 
a.m. and 18 °C between 07:00 and 08:00 a.m. The fact that the building is very well in-
sulated makes it extremely rare to present a drop of temperature below the set point of 
15 °C. Consequently, the building performs quite similarly in both scenarios 1 and 2. In 
general, annual and monthly energy demand values present a slight increase from the 
first to the second operation scenario and a further increase in the third one. This per-
formance is quite reasonable, given that the minimum heating system operating hours 
are observed in the first scenario, and the maximum ones in the third. Although scenario 
3 displays increased overall energy consumption, a substantial decrease in the peak en-
ergy demand values is observed, rendering it an efficient option. To sum up, the most 
efficient heating operating scenario is the first, with minimum hours of operation, unless 
the differences displayed between the peak demand values are enormous. In that case, 
the implementation of operating scenario 3, with morning reheat, may contribute in 
avoiding the selection of an over dimensioned heating system. 
Next, the option of mechanical ventilation with heat recovery heat exchangers is as-
sessed for its efficiency. The annual energy consumption derived from the utilization of 
heat recovery in all three heating operation scenarios was decreased by 61-63%. The 
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cost of installing a heat exchanger in every classroom of the school is estimated at about 
24,000 €. The maximum drop of energy demand that was observed, in scenario 3, is 
21,597 kWh. If this value is converted from primary to final energy, its total cost is 
2,552 € in the case of heating with oil, and 2,376 € for heating with electricity, respec-
tively. Therefore, heat recovery is absolutely not cost effective despite the fact that it 
appears to be remarkably energy efficient. 
Finally, the Photovoltaic integration in the building was examined. The option of in-
stalling PVs on the roof of the building is advantageous, owing to the fact that the ener-
gy generated by the sun can be stored in the grid throughout the entire year, regardless 
of the school operating schedule, due to the Net Metering scheme. The most significant 
outcome of the PV simulation is that the energy production for the first year of the sys-
tem operation is 63,477 kWh and the payback period is 3.3 years. This amount of ener-
gy produced by the system is sufficient for covering the electrical needs of the building, 
in terms of lighting and appliances. In case of having a heating system that runs on elec-
tricity, the excess of energy may well be exploited. 
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Heating Scenario 1: 08:00 a.m.-15:00 p.m. set @ 20°C 
 
 
 
- 88 - 
 
 
 
  - 89 - 
 
 
 
- 90 - 
 
 
 
  - 91 - 
 
 
 
- 92 - 
 
 
 
  - 93 - 
 
 
Heating Scenario 1 with Heat Recovery 
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Heating Scenario 2: 08:00 a.m.-15:00 p.m. set @ 20°C & remaining hours set @ 15°C 
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Heating Scenario 2 with Heat Recovery 
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Heating Scenario 3: 06:00-07:00 a.m. set @ 16°C, 07:00-08:00 a.m. set @ 18°C &  
       08:00 a.m.- 15:00 p.m. set @ 20°C 
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Heating Scenario 3 with Heat Recovery 
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